Tissue engineering is a multidisciplinary science based on the application of engineering approaches to biologic tissue formation. Engineered tissue internal organization represents a key aspect to increase biofunctionality before transplant and, as regarding skeletal muscles, the potential of generating contractile forces is dependent on the internal fiber organization and is reflected by some macroscopic parameters, such as the spontaneous contraction. Here we propose the application of digital image correlation (DIC) as an independent tool for an accurate and noninvasive measurement of engineered muscle tissue spontaneous contraction. To validate the proposed technique we referred to the X-MET, a promising 3-dimensional model of skeletal muscle. The images acquired through a high speed camera were correlated with a custom-made algorithm and the longitudinal strain predictions were employed for measuring the spontaneous contraction. The spontaneous contraction reference values were obtained by studying the force response. The relative error between the spontaneous contraction frequencies computed in both ways was always lower than 0.15%. In conclusion, the use of a DIC based system allows for an accurate and noninvasive measurement of biological tissues' spontaneous contraction, in addition to the measurement of tissue strain field on any desired region of interest during electrical stimulation.
Introduction
Tissue engineering represents a multidisciplinary approach aimed at "producing" ex vivo living tissues [1] on the basis of three fundamental tools: cells, scaffolds, and growth factors. The application of engineering techniques to biological issues ranges from the nanometric scale, that affects the cell phenotype, to the micro and macro features, that influence nutrient flows, and could make significant contributions to the realization of biofunctional and biocompatible 3-dimensional tissues. The ultimate goal of tissue engineering is the regeneration of patients' own tissues and organs with high biocompatibility and biofunctionality and without immune rejection typical of inorganic biomaterials. However, despite the remarkable advances recently obtained, artificial tissues and organs still need a biocompatibility and biofunctionality improvement [2] .
Within this context, we were called to respond to the need of measuring ex vivo engineered skeletal muscle contractile properties. Skeletal muscle is a very complex tissue, and ex vivo engineered tissues gained more and more importance [3] [4] [5] [6] [7] because of their potential to be used for injured and infarcted patients. To monitor engineered muscle tissue growth we recently proposed [8] the application of Digital Image Correlation (DIC) in combination with standard force measurement. DIC is a versatile methodology deriving 2 Applied Bionics and Biomechanics from industrial and civil engineering [9, 10] that presents several advantages also for applications with biological tissues [11] [12] [13] , such as the absence of contact with the specimen, the possibility to use the natural texture as the correlation pattern, and the opportunity to measure strains on a specific region of interest (ROI). The use of this technique allowed pinpointing the tissue nonhomogeneous zones, returning useful information for improving the tissue generation process. The growth process improvement and the optimization of the techniques, in fact, represent the first steps on the road map of three generations of the regenerative medicine industry [14] , and the final aim of this first generation industry is to increase the tissue functionality before transplant [15] .
The spontaneous contractile activity of cultured skeletal muscle cells was first reported in 1915 [16] and still represents a crucial parameter of contractile tissues [17, 18] . The contractile properties of engineered muscle tissues, and in particular the spontaneous contraction, strongly depend on their internal functional organization. Tissue-engineered muscles should reproduce the native fibers organization: both in-series and in-parallel connections of short myofibers to the surrounding matrix and to other fibers, in fact, significantly contribute to the total force generation [19] .
The ionic conductance responsible for the origin and modulation of muscle cell spontaneous activity is normally examined using the whole-cell patch-clamp technique [20, 21] . This methodology cannot be applied to 3D skeletal muscle engineered tissues and, to date, the unique technique for studying the contractile activity of 3D tissues is based on the force response measurement obtained using microforce transducers [3, 4, 22] . The development of new approaches to measure biological tissues' contractile properties is therefore of high interest, and noninvasive techniques are always more attractive [23, 24] . A contactless automated approach to measure this distinguished feature could therefore allow avoiding time consuming, incomplete and subjective measurements [25] .
In view of this, here we propose the use of Digital Image Correlation as a tool for performing accurate and noninvasive measurement of ex vivo skeletal muscle tissue spontaneous contraction. The spontaneous contraction values of X-MET, a promising 3-dimensional ex vivo engineered muscle tissue [3] , were obtained analyzing the longitudinal strain predictions returning from image correlation and were compared with the values gathered through the standard force measurement. In fact, even if the outcomes of these two techniques pertain different variables (strain and force, resp.), both of them follow the contractile behavior of the tissue, thereby allowing determining the tissue contraction frequency. Because skeletal muscle engineered tissues can be subjected to considerable dynamics, a high speed camera was employed and, to have a comprehensive investigation, we tested the specimens with two different acquisition speeds. Should the comparison between the traditional technique and the Digital Image Correlation return convincing results, the use of DIC would allow performing repetitive and noninvasive measurements of engineered muscle tissues to monitor their growth. The use of force transducers, in fact, would imply a recurring stress on the tissue, by attaching and detaching it from the transducer each time a measurement has to be done.
Finally, to have a comprehensive evaluation of the role that DIC can have in the measurement of engineered muscle tissues' contractile properties we also studied the strain predictions when stimulating the X-MET with a pulse train at tetanic frequency. Of note, X-MET is obtained from murine primary cultures of skeletal muscle tissue and shows the presence of various cellular populations such as myoblasts, fibroblasts, and endothelial cells, which guarantees a cellular complexity similar to that of the original muscle tissue. Thus, ex vivo engineered tissue can be placed in the high level of biological complexity of the regenerative medicine road map [14] .
Materials and Methods

Experimental Set-Up.
All the experiments were conducted within the animal welfare regulations and guidelines of the Italian national law D.L. 04/03/2014, n.26, about the use of animals for research. The X-MET specimens employed to test the proposed technique were obtained from skeletal muscle primary cultures of C57BL/6 mice (14-18 weeks) according to the protocol illustrated by Carosio et al. [3] .
As depicted in Figure 1 , the specimen to be tested was placed in a silicon coated dish and mounted between a fixed pin and a microforce transducer (Kronex AE801) for isometric measurements. For the entire duration of the experiment the tissue was kept soaked in its culturing medium and maintained at the desired temperature of 37 ∘ C with the use of a temperature controlled plate (Okolab s.r.l., H401). Images were gathered through the use of a high frequency camera (Basler acA2040-180 km) mounted on a stereomicroscope (NIKON SMZ 800), while force measurements were performed connecting the microforce transducer to a strain gauge conditioner (VISHAY 2120B module) for bridge completion. At the magnification level of 6.3x, the resulting images have a rectangular size of 1.94 mm × 0.57 mm, thus allowing acquiring about 1/5 of the entire tissue length [3] . The suitable lighting was provided by a diascopic halogen 30 W lamp. The camera employed in this work has a maximum frame rate of 180 fps at the full resolution of 2048 × 2048 pixels. To increase the speed of acquisition up to values higher than 400 fps we selected both a horizontal and a vertical binning, thus reducing the resolution at 1024 × 1024 pixels. Of note, this binning procedure was also necessary to enhance the amount of light available at the sensor. Fast image acquisition and optical magnification, in fact, are two factors that reduce the light intensity, thus compromising the functionality of the postprocessing correlation algorithm. Finally, because of the uniaxial shape of the tissue specimens to be tested, the vertical resolution was further reduced. At the selected resolution of 1024 × 300 pixels, the maximum speed of acquisition was 620 fps. Nonetheless, all the experimental tests were performed acquiring the images at lower frequencies, because of the limitation due to light intensity. In particular, two frequencies of acquisition were tested, 400 fps, which implies an exposure time of 2400 s, and 500 fps, with an exposure time of 1900 s. On the other hand, for all the tests the force acquisition frequency was set at 2200 Hz. The tests performed to evaluate the role of DIC in the characterization of engineered muscle tissue contractility during tetanic stimulation employed a dedicated pulse stimulator (Aurora Scientific Inc. 701B). Two platinum electrodes were located parallel to the specimen allowing stimulating the tissue by means of the physiological solution.
A computer equipped with a data acquisition board (DAQ NI-PCI 6251M) and a frame grabber (NI PCIe1433) was programmed with LabView 2011 software. The custom-made program allowed accurately synchronizing the beginning of force and image data flows acquisition and, where necessary, of pulse stimulation.
The acquired images then were processed with an original correlation algorithm [26] to compute the 2D surface strain field, but only the longitudinal deformation was used to gather the tissue spontaneous contraction. Spontaneous contraction reference values, in fact, were obtained from force measurements performed measuring the tissue's response along the longitudinal axis. The specific forces were computed by dividing the acquired force values by the X-MET crosssectional area as in Carosio et al. [3] . The algorithm we employed to obtain the strain predictions was originally developed by Broggiato et al. [26] to measure thin metal sheets' strain field and was optimized to work with small biological tissue samples subjected to controlled lengthening [13] and with ex vivo engineered tissues electrically stimulated [8] . Of note, for all the measurements we performed the irregular surface pattern of X-METs was taken as the reference speckle for the correlation algorithm, thus avoiding strewing the tissue with artificial powders that could induce alterations in the vitality. 
Spontaneous Contraction Measurement.
To validate our DIC based system as a tool for measuring skeletal muscle engineered tissues' spontaneous contraction, we tested 4 XMETs with a synchronous acquisition of both force and images. The specimen to be tested was focused close to the fixed pin, and the image acquisition lasted for at least 2 seconds. To find out the acquisition parameters that guaranteed the most accurate results, two different speeds of acquisition were tested, 400 fps and 500 fps. Images were then correlated as described above, and the average longitudinal strain value of all the nodes included in the selected ROI was used as representative of the tissue's contraction. For all the tests, the ROI was randomly chosen so to be rectangular, with the long side parallel to the longitudinal axis, and was made up of at least 20 nodes, as shown, for example, in Figure 2 .
For both force response and strain data, the spontaneous contraction frequency was computed through the Fast Fourier Transform (FFT). The use of the FFT allowed finding the main signal component that characterizes the tissue's contraction, reducing the noise influence. For our tests, in fact, the noise is usually represented by very small peaks at frequencies considerably higher than the one of interest. Of note, since our aim was to devise a general method for measuring the tissue spontaneous contraction in a fast but accurate manner, for all the tests we performed we took into account only the highest peak that each FFT analysis returned. The spontaneous contraction frequencies obtained from the force and strain response were then compared, and the relative error was employed to establish the DIC system accuracy according to the simple equation: ( − )/ %, where is the frequency value obtained by the DIC strain predictions and is the value returned analyzing the force signal.
Statistical Analysis.
Differences in the spontaneous contraction frequency values obtained analyzing the strain predictions of the DIC algorithm and the force response measurements, as well as differences in the relative error computed at 400 fps and 500 fps, were evaluated with the nonparametric Student's -test and considered significant when < 0.05.
Experimental Results and Discussion
Tissue spontaneous contraction was calculated referring to the force response and to the acquired images as described in Materials and Methods, Section 2.2, and an example of the results is reported in Figure 3 for a test performed at 500 fps. (Figure 3(a) ) and strain (Figure 3(c) ) responses, that represent the outcomes obtained in the traditional method and through the DIC technique, respectively, allowed verifying that both signals adequately stand for the pulsating behavior the tissue undergoes when kept fixed in isometric conditions within its culturing medium. Of note, although the two techniques measure different variables, namely, force and strain, both of them allow obtaining the spontaneous contraction frequency of the muscle tissue. In addition, even if both signals show the presence of noise, the FFT outcomes (Figures 3(b) and 3(d) ) confirmed that this mathematical procedure is suitable to pinpoint the main component of the beating frequency, almost nullifying the noise effect.
A combined analysis of force (Figure 3(a) ) and strain responses (Figure 3(c) ) shows an opposition of phase between the two traces, highlighting that when the tissue generates a contractile force, the ROI of the sample we choose (close to the fixed pin) is truly shortening. At this point, it has to be noted that all our tests were performed in isometric conditions, thus entailing a global null longitudinal strain of the specimen. Given that we measured a negative strain, it is then feasible that the central part of the tissue underwent a positive strain to compensate for this small shortening. Of note, the software we developed to control the experiments subtracted the force offset before the beginning of the acquisition; in view of this, the fact that the force response immediately decreased to values lower than zero Table 1 : X-MET's spontaneous contraction. Mean ± SD of X-MET's spontaneous contraction measured using the force response with reference to the acquired images, at both 400 fps and 500 fps. = 4.
From force at 400 fps
From strain at 400 fps From force at 500 fps From strain at 500 fps Mean ± SD (Hz) 4.520 ± 0.404 4.523 ± 0.403 4.545 ± 0.592 4.546 ± 0.591 only means that the tissue was in a relaxing phase of its contraction. Accordingly, the initial strain is increasing. Table 1 shows the spontaneous frequency values measured through the force response and the DIC predictions for both 400 fps and 500 fps acquisition speeds. The statistical analysis performed comparing the force group with the strain group, once for 400 fps and once for 500 fps, confirmed the null hypothesis, thus indicating that the groups can be considered as originating from the same populations. Notably, the X-MET spontaneous contraction values here obtained are different from the values previously reported [3] . This difference was expected and is related to the different medium employed during the experimental tests. In our previous paper, in fact, we performed measurements that involved electrical stimulation of the tissue, thus requiring the medium to be free of calcium ions. Here, on the contrary, we are proposing a method for monitoring the muscle engineered tissue during its growth; therefore the tests were performed within their culturing medium, very enriched in nutrients. The average spontaneous contraction frequencies values obtained here are, in fact, higher than the value previously reported.
Despite the fact that the tested groups have an average mean that is not statistically different among each other, to estimate the accuracy of the proposed method and to find out whether an increase in the speed of acquisition would increase the measurement accuracy, we computed the relative error between the spontaneous contraction values obtained through the DIC predictions and the reference values obtained from the tissue's force response. Figure 4 shows the relative error values obtained at 400 fps and 500 fps. Experimental results pointed out a high accuracy of the methodology for both acquisition speeds. The relative error, in fact, is lower than 0.15% for all the experiments we performed. Nonetheless, a lower mean error, although not statistically significant, as well as a lower standard deviation, was reported when increasing the speed of acquisition from 400 fps to 500 fps. This outcome suggests that when long acquisition times are required, a 400 fps acquisition frequency can be utilized, while, on the contrary, when a higher accuracy is necessary, the acquisition speed can be increased up to 500 fps. In the latter case, to avoid overloading the system memory, shorter acquisitions are advisable.
Finally, it has to be noted that the proposed system showed also good sensitivity values. The accuracy values reported in Figure 4 , in fact, were obtained when measuring the spontaneous contraction on strain signals of only about 1% peak to peak amplitude, as in the example reported in Figure 3(c) . Figure 5 shows an example of the outcome obtained stimulating an X-MET at tetanic frequency (60 Hz) and simultaneously measuring force ( Figure 5(a) ) and strain (Figures 5(a) and 5(b)). As indicated by Carosio et al. [3] for the X-MET the tetanic force increased with increasing frequency up to 70 Hz but, on average, the asymptotic value is already achieved at 60 Hz. In particular, the tissue strain fields were measured once close to the fixed pin ( Figure 5(b) ) and once in the center ( Figure 5(c) ) of the specimen. Again, both the force and strain responses are in complete agreement and are coherent with the electrical stimulation paradigm. Contrary to the spontaneous contraction, during the electrical stimulation of the tissue it is not possible to gather a parameter that allows for a comparison of the two techniques, but the two outcomes return complementary information. In fact, the force generated by the tissue is a macroscopic parameter, which expresses the contraction of the entire tissue, while the strains obtained through the DIC predictions refer to a specific region of interest. At this point, the strain field measured close to the fixed pin ( Figure 5(b) ) was observed to entail negative values of the longitudinal strain, with consequent positive values of the transverse strain, in accordance with that obtained during the spontaneous contraction measurements.
On the other hand, as hypothesized for isometric electrical stimulations, the strain field obtained focusing on the center of the specimen ( Figure 5(c) ) is the opposite of that measured at the end of the tissue. Positive values of were reported and, accordingly, the tissue is locally subjected to a shrinkage, as confirmed by the negative value of the predicted . Taken altogether, these results show that DIC can be used for accurate and noninvasive measurements of tissue spontaneous contraction frequency; in view of this, the use of DIC can be proposed for repetitive measurements over time to check for tissue maturation. The measurement of the spontaneous contraction frequency by means of the force generated by the tissue, in fact, would imply the specimen to be attached and detached from the transducer each time a measurement is carried out. Moreover, the possibility to measure local strains in a fast, accurate, and noninvasive way could also be of interest to study the time-lapse response of the tissue during drug treatments. A long-term application of this tool could be also the continuous monitoring of tissue growth directly into the incubator, with the possibility to measure its spontaneous contractility at any desired time.
On the other hand, the use of DIC as a tool to measure tissue local strains on any desired region of interest during electrical stimulation allows gathering a new parameter to come along with the traditional one, the generated force, to have a comprehensive evaluation of the contractile response of the tissue.
Conclusions
In this work, we proposed the use of Digital Image Correlation (DIC) as an innovative and noninvasive tool for the measurement of biological tissues' contractile properties.
In particular, here we tested this technique to supply accurate values of ex vivo muscle engineered tissue spontaneous contraction frequency. To do this, we compared the frequency values gathered by using the image correlation predictions with the values obtained with the use of a microforce transducer, which represents the standard methodology employed for measuring the contractility of this kind of tissues. In addition to a high speed camera and the force transducer, the experimental system entails a microscope for a proper magnification of the tissue. The use of an optical magnification, together with the very low exposure times needed to follow the high dynamics of the tissue, required a careful balancing between the image resolution and the illumination available for the sensor, to guarantee the proper image contrast for image correlation. Experimental results showed that DIC can be successfully employed as an independent, accurate, and noninvasive tool for the measurement of biological tissue contraction. The relative error values between the spontaneous contractile frequency computed through the predicted longitudinal strain and the force measurement, in fact, were always lower than 0.15%. Moreover, a trend toward even lower relative errors was reported when increasing the acquisition frequency up to 500 fps. In view of this, the use of DIC can be proposed for noninvasive measurements of tissue contraction, allowing for repetitive measurements over time to check for its maturation. In addition, DIC can also be used during electrical stimulation of the tissue to gather useful information about the local strain field along with the standard force measurements.
